Introduction {#section21-2054358120922627}
============

Patients with chronic kidney disease (CKD) are at risk of progression to kidney failure requiring renal replacement therapy.^[@bibr1-2054358120922627]^ Kidney transplantation is the ideal form of renal replacement treatment for kidney failure as it offers a survival advantage, improvement in quality of life, and cost-utility when compared with treatment with dialysis.^[@bibr2-2054358120922627][@bibr3-2054358120922627]-[@bibr4-2054358120922627]^ However, kidney transplants can fail and patients with failing transplanted kidneys (allografts) need education and preparation for dialysis and/or retransplantation.

In 2011, the kidney failure risk equation (KFRE) was developed by Tangri et al and validated as a highly accurate model for predicting kidney failure in patients with CKD. It has demonstrated to be more accurate in predicting kidney failure than estimated glomerular filtration rate (eGFR) or albuminuria alone, and outperforms models that incorporate routinely collected clinical risk factors. Since 2011, the KFRE has been validated in cohorts from more than 30 countries across 4 continents and was demonstrated to be accurate in predicting kidney failure in these diverse CKD populations.^[@bibr5-2054358120922627],[@bibr6-2054358120922627]^ In some jurisdictions, the KFRE is used to guide dialysis and transplant planning in nontransplanted patients with CKD.^[@bibr7-2054358120922627]^

However, no studies to date have evaluated the diagnostic accuracy of the KFRE in patients who have received a kidney transplant. CKD in transplant recipients may differ from CKD in nontransplant kidneys due to the presence of immune factors that can lead to rejection, and routine use of immunosuppressive medications such as calcineurin inhibitors which can lead to chronic allograft nephropathy.^[@bibr8-2054358120922627]^ If the KFRE accurately predicts kidney failure in transplant recipients, it could be used to guide location and intensity of monitoring and follow-up as well as preparation for kidney replacement therapy for patients at high risk of allograft failure. The purpose of this study is to evaluate the accuracy of the 4-variable KFRE in kidney transplant recipients with a functioning allograft at 1-year posttransplant from 4 independent clinical cohorts.

Materials and Methods {#section22-2054358120922627}
=====================

Study Cohorts {#section23-2054358120922627}
-------------

We combined data collected from 4 large, separate cohorts. The first cohort was extracted from linked health care databases from the Alberta Kidney Disease Network (AKDN) for kidney transplant recipients from Alberta, Canada, between May 2002 and March 2015. The second cohort was extracted from the Transplant Manitoba Database, which includes all patients who have received a kidney transplant in Manitoba, Canada, between January 1999 and December 2017. The third cohort was extracted from electronic medical databases from St. Michael's Hospital, an academic and tertiary care center located in inner-city downtown Toronto, Canada, between July 2004 and June 2014. The last cohort was the Wisconsin Allograft Recipient Database (WisARD), where kidney transplant recipients were extracted between January 2004 and June 2013.

We included all adult patients (age 18+) who had at least 1 serum creatinine measurement and at least 1 urine albumin-to-creatinine ratio (ACR) measurement approximately 1 year following kidney transplantation. Patients who died or had allograft failure in the first year posttransplant were excluded.

Variables and Outcomes {#section24-2054358120922627}
----------------------

The risk of kidney failure was predicted for each patient at 2 years and 5 years following the serum creatinine test performed closest to 1-year posttransplant using the 4-variable KFRE. The 4-variable KFRE consists of eGFR, age, sex, and urine ACR (equation provided in supplemental material Item S1).^[@bibr5-2054358120922627],[@bibr6-2054358120922627]^ We estimated eGFR using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.^[@bibr9-2054358120922627]^ Urine protein-to-creatinine ratios (PCRs) were used to approximate some urine ACRs in the Manitoba cohort (supplemental material Item S2).^[@bibr6-2054358120922627]^

Variables were taken closest to the 1-year posttransplant date. In addition to variables in the KFRE, we collected other patient clinical characteristics required for more complex KFREs when available from each of the 4 cohorts. Calcium, hemoglobin, bicarbonate, and phosphate were additionally collected in the Toronto and Alberta cohorts.

The primary outcome was death-censored allograft failure, defined as starting dialysis or undergoing retransplantation. The calculated kidney failure risks from the KFRE were compared to the actual patient kidney failure outcomes collected from each cohort.

Statistical Analysis {#section25-2054358120922627}
--------------------

We evaluated the performance of the KFRE for predicting allograft failure using patient data 1 year after kidney transplantation with discrimination and calibration statistics.

Discrimination {#section26-2054358120922627}
--------------

We calculated discrimination by generating an area under the receiver operating characteristic curve (AUROC) for the risk scored evaluated by the KFRE modeled as a continuous variable using Harrell's overall C-statistic. The C-statistic presents the proportion of times the KFRE correctly discriminates a pair of high risk and low risk individuals. A C-statistic of 0.70 or higher indicates good discrimination, while a C-statistic of 0.50 means the model predicts no better than chance.^[@bibr10-2054358120922627],[@bibr11-2054358120922627]^

Calibration {#section27-2054358120922627}
-----------

The difference between observed and predicted risk over 2 and 5 years was examined by plotting the probabilities of kidney failure at each risk decile in our validation cohorts using line graphs.^[@bibr12-2054358120922627]^

Subgroup Analysis {#section28-2054358120922627}
-----------------

As the KFRE was originally developed in patients with CKD Stages G3-G5,^[@bibr5-2054358120922627]^ and GFR estimating equations may underestimate measured GFR in kidney transplant recipients,^[@bibr13-2054358120922627]^ we performed a subgroup analysis examining discrimination and calibration in patients with poorer kidney function (Stages G3b-5, eGFR \< 45 mL/min/1.73 m^2^).

Meta-analysis {#section29-2054358120922627}
-------------

C-statistics from each of the 4 cohorts were subsequently meta-analyzed using random-effects models using the DerSimonian and Laird method with generic inverse variances.^[@bibr14-2054358120922627]^ Heterogeneity between studies was calculated using the I^[@bibr2-2054358120922627]^ statistic.^[@bibr15-2054358120922627]^

All findings were presented at a level of significance of α = 0.05. Statistical analysis was performed using SAS version 9.4 (Cary, NC). Forest plots for the meta-analysis were generated using RevMan version 5.3 (Copenhagen, Denmark).^[@bibr16-2054358120922627]^

Results {#section30-2054358120922627}
=======

A total of 3659 patients were included across the 4 independent cohorts. The cohorts were very similar in the average age of the patients, percentages of males and females, and the level of kidney function. The Wisconsin cohort had a higher absolute rate of kidney failure with 2.3 per 100 person-years compared with Toronto at 1.5 per 100 person-years, Alberta at 1.2 per 100 person-years, and Manitoba at 1.1 per 100 person-years. Demographics and available clinical characteristics of the patients in the 4 cohorts are shown in [Table 1](#table1-2054358120922627){ref-type="table"}.

###### 

Characteristics of Patients Included by Cohort at 1 Year Post Kidney Transplantation.

![](10.1177_2054358120922627-table1)

  ----------------------------------------------------------------------------------------------------
                                  Toronto\          Wisconsin\       Alberta\         Manitoba\
                                  N = 993           N = 1263         N = 940          N = 463
  ------------------------------- ----------------- ---------------- ---------------- ----------------
  Age                             52.7 ± 13.0       52.8 ± 13.2      50.7 ± 14.3      47.8 ± 32.2

  Female                          36.5%             38.9%            34.0%            40.3%

  Living donor                    39.5%             38.7%            NR               49.7%

  Systolic BP                     129.4 ± 16.1      NR               NR               NR

  Diastolic BP                    79.3 ± 9.5        NR               NR               NR

  eGFR                            54.8 ± 17.9       56.4 ± 19.0      60.3 ± 19.4      63.1 ± 20.4

  eGFR \< 45 mL/min/1.73 m^2^     30.3%             29.1%            21.0%            18.4%

  Urine ACR\                      2.2 (1.0 - 6.3)   9.8 (6.4-16.7)   6.3 (3.8-11.7)   5.9 (4.0-10.7)
  (mg/mmol)                                                                           

  Albumin (g/L)                   41.4 ± 4.0        NR               39.4 ± 3.6       NR

  Calcium (mmol/L)                2.4 ± 0.2         NR               2.4 ± 0.1        NR

  Hemoglobin (g/L)                131.8 ± 18.4      NR               134.2 ± 16.8     NR

  Bicarbonate (mEq/L)             25.5 ± 3.1        NR               24.8 ± 2.5       NR

  Phosphate (mmol/L)              1.0 ± 0.2         NR               1.0 ± 0.2        NR

  Death censored graft failure\   5.2%              9.2%             3.8%             4.1%
  5 years                                                                             
  ----------------------------------------------------------------------------------------------------

*Note.* Continuous variables are presented as mean ± standard deviation for normally distributed variables and median (interquartile range) for urine ACR as it was not normally distributed. Categorical variables are presented as percentages. BP = blood pressure; NR = not reported; eGFR = estimated glomerular filtration rate; ACR: albumin-to-creatinine ratio.

Alberta Cohort {#section31-2054358120922627}
--------------

In the Alberta cohort, a total of 940 recipients were deemed eligible for the study. The mean eGFR was 60.3 mL/min/1.73 m^2^. Of these patients, 36 developed kidney failure within 5 years following the 1-year posttransplant date, a total of 53 died before kidney failure and were censored for the study, and 851 patients did not develop kidney failure and did not die.

Manitoba Cohort {#section32-2054358120922627}
---------------

In the Manitoba cohort, a total of 463 recipients were deemed eligible for the study. The mean eGFR was 63.1 mL/min/1.73 m^2^. Of these patients, 19 developed kidney failure within 5 years following the 1-year posttransplant date, a total of 30 died before kidney failure and were censored for the study, and 414 patients did not develop kidney failure and did not die.

Toronto Cohort {#section33-2054358120922627}
--------------

In the Toronto cohort, a total of 993 recipients were deemed eligible for the study. The mean eGFR was 54.8 mL/min/1.73 m^2^. Of these patients, 52 developed kidney failure within 5 years following the 1-year post-transplant date, a total of 45 died before kidney failure and were censored for the study, and 896 patients did not develop kidney failure and did not die.

Wisconsin Cohort {#section34-2054358120922627}
----------------

In the Wisconsin cohort, a total of 1263 recipients were deemed eligible for the study. The mean eGFR was 56.4 mL/min/1.73 m^2^. Of these patients, 116 developed kidney failure within 5 years following the 1-year posttransplant date, a total of 119 died before kidney failure and were censored for the study, and 1028 patients did not develop kidney failure and did not die.

Model Performance {#section35-2054358120922627}
-----------------

The KFREs discriminated well in patients in the Alberta cohort with an overall C-statistic of 0.71 (0.55-0.87) at 2 years and 0.69 (0.58-0.80) at 5 years. In the a priori defined subgroup of patients with an eGFR \< 45 mL/min/1.73 m^2^ at 1 year (n = 197), the C-statistic was excellent at 0.97 (0.94-1.00) at 2 years and 0.93 (0.88-0.98) at 5 years. Calibration was good in the overall cohort and improved in those with more advanced CKD.

The KFREs in the Manitoba cohort had C-statistics of 0.93 (0.856-1.00) at 2 years and 0.61 (0.43-0.79) at 5 years. In patients with an eGFR \< 45mL/min/1.73 m^2^ (n = 85), discrimination was similar with C-statistics of 0.63 (0.28-0.98) at 2 years and 0.74 (0.60-0.88) at 5 years. Calibration in the Manitoba cohort was suboptimal, likely attributable to the small number of events.

The KFREs discriminated well in patients in the Toronto cohort with an overall C-statistic of 0.74 (0.64-0.84) at 2 years and 0.73 (0.65-0.81) at 5 years. In patients with an eGFR \< 45 mL/min/1.73 m^2^ at 1 year (n = 301), the C-statistic was also good, with a value of 0.79 (0.64-0.94) at 2 years and 0.77 (0.67-0.87) at 5 years. Calibration was good in the overall cohort and improved in those with more advanced CKD.

The KFREs also discriminated well in the Wisconsin cohort with C-statistics of 0.82 (0.75-0.89) and 0.79 (0.74-0.84) at 2 and 5 years, respectively. This improved in the subgroup of patients with an eGFR \< 45 mL/min/1.73 m^2^ (n = 368) to 0.87 (0.81-0.93) at 2 years and 0.82 (0.77-0.87) at 5 years. There was slight underprediction in the entire cohort, but this improved in the subgroup with eGFR \< 45 mL/min/1.73 m^2^ at 5 years.

Meta-analysis {#section36-2054358120922627}
-------------

The pooled C-statistic for the KFRE at 2 years was 0.81 (0.72-0.91) and at 5 years 0.73 (0.67-0.80) in the entire study population (n = 3659). These improved in the subgroup of patients with baseline eGFR \< 45 mL/min/1.73 m^2^ (n = 951), with a pooled C-statistic of 0.88 (0.78-0.98) for the 2-year KFRE and a pooled C-statistic of 0.83 (0.74-0.91) for the 5-year KFRE. Significant clinical heterogeneity was present for all the meta-analyses except for the 5-year KFRE in the entire study population.

Findings are summarized in [Figures 1](#fig1-2054358120922627){ref-type="fig"} to [3](#fig3-2054358120922627){ref-type="fig"}.

![Results of discrimination analyses and meta-analyses.\
*Note.* KFRE = kidney failure risk equation; CI = confidence interval; eGFR = estimated glomerular filtration rate.](10.1177_2054358120922627-fig1){#fig1-2054358120922627}

![Calibration plots.\
*Note.* KFRE = kidney failure risk equation.](10.1177_2054358120922627-fig2){#fig2-2054358120922627}

![Calibration plots in patients with eGFR \< 45 mL/min/1.73 m^2^.\
*Note.* eGFR = estimated glomerular filtration rate; KFRE = kidney failure risk equation.](10.1177_2054358120922627-fig3){#fig3-2054358120922627}

Discussion {#section37-2054358120922627}
==========

In this validation study involving 3659 kidney transplant recipients across 4 independent cohorts in Canada and the United States, we demonstrated that the 4-variable KFRE at 1 year posttransplant provides good discrimination for the outcomes of 2-year and 5-year risk of progression to kidney failure. This discrimination improved among patients who had an eGFR of less than 45 mL/min/1.73 m^2^ (CKD Stages 3b-5) at 1 year posttransplant, suggesting that it could be used in this population for determining prognosis, communicating risk, and planning for renal replacement therapy.

Several prediction models for long-term allograft and patient survival in kidney transplant recipients have been developed using both clinical and registry data. In a large study of patients from the United States Renal Data System (USRDS), several models were developed that predicted allograft failure within 5 years using data from the time of transplantation and 1-year posttransplant.^[@bibr17-2054358120922627]^ Their simplest model had modest discrimination (C-statistic 0.65) and required the input of clinical variables including race, history of hospitalization, as well as primary health insurance. As such, these models may not have been generalizable in universal health care settings or in countries with varying racial distributions. Similarly, other investigators conducted single-center studies and found models with better accuracy, but found that these models were unable to outperform eGFR alone in the development population.^[@bibr18-2054358120922627]^

In a series of recent studies involving 3 independent cohorts from the United Kingdom, France, and Canada, Shabir et al studied patients at 12-month posttransplantation and developed models to predict 5-year allograft and overall survival, and found good discrimination (C-statistics 0.78-0.90) and calibration with models that included measures of albuminuria as well as eGFR.^[@bibr19-2054358120922627]^ Their final models included ethnicity and previous acute rejection, and validated well in all external validation cohorts. The same investigators also studied the additional predictive ability of kidney biopsy findings, and donor specific alloantibodies on risk prediction, and found improvement with the inclusion of the biopsy findings, but not with the addition of antibody levels. Furthermore, a study published in 2019 that included functional, histological, and immunological factors derived an 8-variable equation that demonstrated excellent discrimination (C-statistic 0.81, 95% confidence interval 0.79-0.83) which was subsequently validated in cohorts from both the United States and Europe, and for different time horizons posttransplant.^[@bibr20-2054358120922627]^ Our findings complement the data from these investigations, as they show the excellent predictive ability of the KFRE for allograft survival, but highlight the potential for improvement in risk prediction with the addition of histological variables or a history of rejection. These variables can improve predictive accuracy, but require a biopsy or at minimum manual data entry, and may not be suitable for integration into automated reporting systems from laboratory reports to electronic medical records. As such, we demonstrated that the KFRE, which is sometimes routinely reported, can still provide reasonable utility in the clinical decision-making process in the absence of these additional predictors.

Our findings have important clinical, research, and policy implications for patients with CKD with kidney transplants. First, they highlight the potential utility of the KFRE as a tool for prognostication in this population, particularly for patients with more advanced decline in kidney function. If the KFRE is reported by laboratory information systems and electronic medical records for all patients with CKD, clinicians can be assured that the prognosis is accurate for allograft recipients, similar to eGFR. From a policy perspective, our work provides additional evidence to complement the work by Shabir et al and the iBox prediction system and we would recommend that our equations can be used in routine reporting and clinical practice, and the equations by Shabir et al or the iBox system can and should be used for additional prognostic accuracy if histological or rejection history data are available.^[@bibr19-2054358120922627],[@bibr20-2054358120922627]^

There are limitations to this study. First, it is important to note that the KFRE was not developed specifically for use in transplant patients, and does not include some alloimmune factors such as donor type and characteristics, expanded donor criteria, delayed graft function, human leukocyte antigen antibodies, histopathology parameters, or immunological parameters that have been evaluated in transplant-specific algorithms.^[@bibr19-2054358120922627]^ As such, the intent of this analysis was to demonstrate that the KFRE, which is routinely reported in some electronic medical record (EMR) systems, may still provide valuable prognostic information despite lacking these particular parameters. The KFRE was initially developed and validated in patients with an eGFR \< 60 mL/min/1.73 m^2^ (CKD stages 3-5), and indeed in this study, it was most accurate in patients with an eGFR \< 45 mL/min/1.73 m^2^. Patients with an eGFR ≥ 60 mL/min/1.73 m^2^ at 1-year posttransplant are likely at low risk of allograft failure in the next 5 years and should not be risk stratified using the KFRE. In addition, the KFRE predicts death-censored kidney failure and does not predict all-cause mortality or episodes of acute rejection. Although we found statistically significant heterogeneity between the cohorts in our meta-analyses, we felt this approach was appropriate as the 4 cohorts were all in a North American setting with similar clinical management guidelines and immunosuppressive agent use. There may have been differences in induction and maintenance agents over time in the individual cohorts, but we were unable to evaluate these effects due to the aggregate nature of our analyses. Finally, our study population included patients with a functioning allograft at 1-year posttransplantation. As such, survivor bias would limit the applicability of our findings to predictions after the first year of transplantation.

Our study is the first to examine the accuracy of the KFRE, a prediction model that uses readily available clinical data that are routinely collected as part of posttransplant care, in kidney transplant recipients. Additional strengths include the diversity of our 4 cohorts, which differed significantly in their ethnicity and access to care, as well as their outcome rates. The fact that the KFRE was accurate in all cohorts further supports its generalizability and provides evidence for its clinical use.

In summary, the 4-variable KFRE developed by Tangri et al^[@bibr5-2054358120922627],[@bibr6-2054358120922627]^ accurately predicted kidney failure progression for kidney transplant recipients in both contemporary Canadian and American cohorts. The KFRE demonstrated adequate discrimination and calibration in these diverse populations. The KFRE can be a useful tool to help guide the clinical decision making process and to help appropriate risk stratify patients post kidney transplant.

Supplemental Material {#section38-2054358120922627}
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